Abstract Innate immunity is based in pre-existing elements of the immune system that directly interact with all types of microbes leading to their destruction or growth inhibition. Several elements of this early defense mechanism act in concert to control initial pathogen growth and have profound effect on the adaptative immune response that further develops. Although most studies in paracoccidioidomycosis have been dedicated to understand cellular and humoral immune responses, innate immunity remains poorly defined. Hence, the main purpose of this review is to present and discuss some mechanisms of innate immunity developed by resistant and susceptible mice to Paracoccidioides brasiliensis infection, trying to understand how this initial host-pathogen interface interferes with the protective or deleterious adaptative immune response that will dictate disease outcome. An analysis of some mechanisms and mediators of innate immunity such as the activation of complement proteins, the microbicidal activity of natural killer cells and phagocytes, the production of inflammatory eicosanoids, cytokines, and chemokines among others, is presented trying to show the important role played by innate immunity in the host response to P. brasiliensis infection.
Introduction
Innate immunity has been defined as the first phase of immune response and is based in pre-existing elements of the immune system that directly interact with all types of microbes leading to their destruction or growth inhibition. Innate immunity, which is not clonally specific for a particular pathogen and does not generate specific memory, is mediated by physical barriers, chemical elements, and cell components of the immune system. The adaptative immunity, involving more slowly developing, long-lived, and highly antigen-specific responses are mediated by cell-mediated immunity and antibody production. Several elements of innate immunity act in concert to control initial pathogen growth and have profound effect on the adaptative immune response that further develops. Furthermore, most effector mechanisms of innate immunity are identical to those of adaptative immunity that are activated at later phases of immune response.
Several mechanisms of innate immunity such as the activation of complement proteins, the microbicidal activity of natural killer (NK) cells and phagocytes, the production of inflammatory cytokines and chemokines among others, have been shown to play an important role in the early host response to pathogens [1] . Besides their intrinsic complexities, innate immunity mechanisms present important peculiarities which depend on the site they take place [2] . The innate immune response against Paracoccidioides brasiliensis, Coccidioides immitis, Blastomyces dermatitides, and Histoplasma capsulatum, primary fungal pathogens which infect hosts through the respiratory tract, occurs in the lungs. The lung response to infection is initiated by the secretion of several antimicrobial proteins by the pulmonary epithelium and the phagocytic activity of resident alveolar macrophages. The cell-wall-degrading enzyme lyzozyme, the iron-chelating protein lactoferrin and the membrane-permeabilizing members of the defensin, cathelicidin, and pentraxin families are the initial antimicrobial proteins secreted in the alveolar lining layer of the pulmonary epithelium. Innate immunity recognition of microorganism is mediated by germ-line encoded receptors (''pattern recognition receptors, PRR'') which interact with conserved pathogen structures, the so-called ''pathogen associated molecular patterns'' or ''PAMP'' [3] [4] [5] . The initial macrophage-pathogen interaction results in internalization by the activated cell which can kill the organism through the action of reactive oxygen species and lytic enzymes or extracellular microbial containment. In addition, the secretion of chemokines and cytokines orchestrates the expression of cell adhesion and chemotactic molecules which further control the influx and activation of inflammatory cells to the site of infection [1] [2] [3] [4] [5] .
Although most studies in human PCM have been dedicated to understand cellular and humoral immune responses, innate immunity remains poorly defined. This is easily understood when one reminds that PCM infection and disease in human beings are recognized at a later and undefined period after initial infection, making difficult to evoke the early events which resulted in controlled infection or overt disease. In this aspect, experimental models are powerful tools to study the initial events that govern hosts-P. brasiliensis interactions. Thus, the main purpose of this review is to present and discuss some mechanisms of innate immunity to P. brasiliensis infection, trying to understand how this initial host-pathogen interface interferes with the protective or deleterious adaptative immune response that will dictate disease outcome. This review does not intend to be a comprehensive revision of the PCM literature that has been reported elsewhere [6] [7] [8] [9] [10] , but to present a personal view, mainly based in the murine model of genetic resistance and susceptibility to P. brasiliensis, of how innate immunity can influence PCM severity and the adaptative immune response to this pathogen.
The isogenic murine model of resistance/ susceptibility of paracoccidioidomycosis mimics the human disease Our laboratory established a genetically controlled murine model of paracoccidioidomycosis (PCM), which allowed us to investigate several parameters of host-parasite interactions. Most of these studies were recently reviewed [10] [11] [12] [13] and clearly showed the diverging immune responses mounted by genetically susceptible (B10.A) and resistant (A/Sn or A/J) mice to P. brasiliensis infection. One important characteristic of our model is the similarity with the human disease, B10.A mice mimicking the progressive, severe forms of the disease and A/Sn mice showing similar features of the regressive or localized forms of the infection (Fig. 1) . As in the human disease, our experimental model demonstrated that resistance is associated with immune responses that favor cellular immunity and activation of phagocytes, whereas susceptibility is associated with impairment of cellular immune responses and preferential activation of B cells [10] [11] [12] .
After an intra-tracheal (i.t.) infection, the susceptibility and resistance patterns observed following i.p. infection were maintained, as reflected by the high mortality rates of B10.A mice and the regressive disease developed by the A/J strain. The susceptible mice were not able to restrain the infection to the lungs and, 2 months after infection, dissemination to liver and spleen was seen, characterizing a chronic, progressive and disseminated form of the disease; in the resistant mice, on the other hand, no organ dissemination occurred and a pulmonary-restricted chronic disease was observed. Unexpectedly, early in the i.t. infection (2nd and 4th weeks), A/J mice presented higher pulmonary CFU counts than B10.A mice suggesting that susceptible mice developed a more efficient innate immunity than resistant animals. The adaptative immunity of resistant mice appears to compensate their ineffective innate immunity (Fig. 2) . Accordingly, from week 8 of infection onward, positive DTH responses, marked control of fungal burdens, secretion of pulmonary type 1 and type 2 cytokines and preferential production of IgG2a antibodies were seen, leading to a regressive pattern of disease. On the contrary, the anergy of DTH reactions, the preferential synthesis of IgG1 and IgG2b antibodies and the progressively increased fungal burdens of susceptible mice resulted in severe disseminated disease leading to decreased survival times [14, 15] .
Innate immunity

Genetic control of susceptibility
Clinical studies suggested that susceptibility to P. brasiliensis is dependent on several factors, including genetic background, and host's hormonal function [4] [5] [6] [7] . A fungal receptor for estrogen was identified and appears to block the conversion of conidia or mycelium to the infecting yeast form [16] . This finding was further explored in an animal model of infection demonstrating the enhanced resistance of female animals [17, 18] and may explain the unusual susceptibility of male individuals of endemic areas [6, 8, 19] .
Genetic studies performed by our group have shown the existence of an autosomal dominant gene (Pbr gene), which control P. brasiliensis resistance [20] and appears to be similar to the Nramp gene, that control resistance to Mycobacterium sp, Leishmania sp, and Salmonella sp infection [21] . Further studies with Nramp1 congenic macrophages (B10R and B10S expressing or not the Nramp1 protein, respectively) showed that B10R macrophages, in comparison with B10S cells, expressed higher levels of mannose receptors, presented higher phagocytic ability and increased inhibitory effect on the conidia to yeast conversion [22] .
Complement system and chemokines P. brasiliensis cells are able to activate the alternative pathway of complement and yeast cells-adherent C3b molecules can contribute to fungi phagocytosis by macrophages [23] [24] [25] . On the other hand, chemokines which play a major role in regulating the migration of specific leukocytes subsets in both the acute and chronic inflammatory processes [26] , were shown to control mononuclear cell recruitment to the lungs of P. brasiliensis-infected C57BL/6 mice [27] . Unpublished results from our laboratory suggest that increased and sustained expression of IP-10, RAN-TES and the chemokine receptor CXCR3 is associated with the resistant behavior of A/Sn mice (C. Arruda and V. L. G. Calich, unpublished observations) . This is in accordance with the sustained T cell response mounted by resistant mice at the acquired phase of the immune response [14, 15] .
Lipid mediators (Eicosanoids) and P. brasiliensis lipids
During an inflammatory reaction, the enzymatic oxidation of aracdonic acid (AA) by cyclooxigenase produces prostaglandins, thromboxanes, and prostacyclins, whereas the 5-LO is an enzyme that catalyzes the oxidation of AA for the synthesis of leukotrienes (LT). The importance of LT as cellular activators and chemotactic factors for neutrophils and eosinophils is very well established, however, little is known about the function of these lipid mediators in the host defense against infectious agents [28, 29] . As the role of LT in pulmonary PCM was never investigated, we asked whether they would have a regulatory function in the severity of PCM of resistant (A/J) and susceptible (B10.A) mice and in the fungicidal and secretory ability of their macrophages. Our results showed that in vivo and in vitro P. brasiliensis infection induces LT synthesis. Compared with A/J mice, levels of pulmonary LT were higher in B10.A animals and increases in the course of infection. To evaluate the importance of LT in PCM, an inhibitor of LT synthesis (MK-0591) and an antagonist of LT receptor (montelukast) were studied in P. brasiliensis infection. In vitro, LT inhibitors significantly reduced the recovery of P. brasiliensis yeasts from normal and IFN-c primed macrophages. At 48 h of in vivo infection, montelukast treatment of B10.A mice induced diminished fungal loads, impaired influx of PMN leukocytes, and increased number of monocytes in the lungs of P. brasiliensisinfected mice. Furthermore, in susceptible mice montelukast treatment led to increased levels of pulmonary IL-10 concomitant with diminished amounts of IL-12, TNF-a, and GM-CSF. In contrast, at the chronic phase of the disease, LT inhibition did not alter the fungal loads of B10.A and A/J mice. In conclusion, our results showed for the first time that LT are important mediators of the acute inflammatory reaction induced by P. brasiliensis infection affecting fungal recovery, cellular influx, and cytokines synthesis by susceptible mice [30, L. R. R. Ribeiro and V. L. G. Calich, unpublished observations]. Importantly, our findings with LT inhibition appear to demonstrate that the activation of innate immunity can result in increased ingestion and survival of P. brasiliensis yeasts which can evolve to a more severe disease.
Several lines of evidence suggest that prostaglandins production has a deleterious role for P. brasiliensis-infected hosts. In murine PCM, at early steps of infection, secretion of PGE 2 was shown to have an immunossupressive activity by inhibiting IL-12 production and up-regulating IL-4 and IL-10 synthesis [31] . In addition, studies with normal and IFN-c activated human macrophages demonstrated that prostaglandins secretion inhibited their fungicidal ability which depends on the levels of hydrogen peroxide produced [32, 33] . Interestingly, recent studies showed that virulent and low virulence strains of P. brasiliensis are able to synthesize prostaglandins by a cyclooxigenase-dependent pathway and that these lipid mediators are required for P. brasiliensis survival [33] .
Besides the importance of hosts lipid mediators such as the eicosanoids in innate immunity, other lipid components of pathogen membranes or walls have also been shown to play a role in the hostparasite interaction [34, 35] . Studies on the influence of P. brasiliensis lipid fractions in the fungicidal and secretory activities of B10.A macrophages were developed in our laboratories. Although all P. brasiliensis lipid fractions are potent inducers of NO synthesis, they can inhibit or enhance the fungicidal ability of macrophages. The previous in vitro treatment of macrophages by F1 (phospholipids + neutral lipids) and F2 (short chain glycolipids) fractions resulted in increased phagocytic activity of cells, and recovery of higher numbers of viable yeasts from infected macrophages, despite the presence of high NO levels. On the other hand, fractions 3a (glycosylphosphatidylinositol-anchored glycoproteins) and F3b (long chain glycolipids) caused an opposite behavior; they inhibited the phagocytic ability of macrophages leading to decreased recovery of viable yeasts. As a whole, secretion of IL-10, IL-12, MCP-1, and GM-CSF induced by P. brasiliensis infection was inhibited by the previous pre-incubation with all lipid fractions [36, F. V. Loures, I. Almeida and V. L. G. Calich, unpublished data]. The different behavior of the studied lipid fractions could be attributed to the different physicochemical structures of these components which would interact with macrophages membranes through different PRR, and the subsequent balance of pro-and anti-inflammatory cytokines and chemokines secreted. Indeed, a further characterization of these lipid fractions will permit us to better understand the innate host response to P. brasiliensis infection.
Toll Like and other macrophage receptors
In mammalian cells, the Toll-Like Receptors (TLR) are transmembrane proteins, which interact with invariant molecular structures from pathogens (PAMP) and are involved in the activation of the innate immune system. Several typical pathogen components such as lipopolysaccharides, flagelin, peptidoglycans, DNA motifs, among others, are recognized by different TLR [37] [38] [39] [40] [41] [42] . Early TLR activation results in the production of several inflammatory mediators and the final balance among proand anti-inflammatory components will regulate the type of adaptative immune response [37] [38] [39] [40] [41] [42] . The TLR 4 is the key receptor that recognizes bacterial lipopolysaccharides, whereas TLR 2 is involved in the interaction with bacterial peptidoglycans and lipoproteins [38, 39] . TLR have been implicated in the resistance of mammalian hosts to several microorganisms [42] [43] [44] including fungal pathogens such as Candida albicans, Aspergillus fumigatus, and Cryptococcus neoformans [5] . Interestingly, our previous studies with P. brasiliensis infection showed that the LPS-resistant, TLR 4 deficient, C3H/HeJ strain is more resistant to i.p. infection than the congenic LPS-susceptible, TLR 4 normal, C3HeB/ FeJ strain [45] . Our recent in vitro studies with TLR 4 normal (C3HeB/FeJ) and deficient (C3H/HeJ) macrophages have demonstrated that this receptor interacts with P. brasiliensis cells resulting in macrophage activation as shown by increased synthesis of nitric oxide, IL-12, MCP-1, and enhanced phagocytic activity; this activation, however, was associated with augmented recovery of viable yeast cells from infected macrophages. In the acute phase of pulmonary infection, the presence of TLR 4 induces a more severe disease, with increased numbers of viable yeasts in the lungs associated with elevated synthesis of NO and IL-12. Moreover, even in the chronic phase, higher fungal burdens were seen in the lungs of TLR-4-normal mice, associated with increased levels of pulmonary IL-12 and serum antibodies (IgM and IgG). Thus, the early macrophage activation induced by TLR 4 usage is not able to control P. brasiliensis infection [36, F. V. Loures and V. L. G. Calich, unpublished observations]. As LPS unresponsiveness of C3H/HeJ mice was linked to a point mutation in the TLR 4 gene, it is tempting to suggest that recognition of P. brasiliensis components (LPS like?) by TLR 4 has a not yet described contribution to the control of PCM. We have also preliminary in vitro and in vivo studies with TLR 2 knockout mice in a C57Bl/6 background demonstrating a more severe infection in TLR-normal hosts or cells. Altogether, our findings with TLR-deficient animals are unusual since PRR are most commonly used by phagocytes to recognize molecular patterns of pathogens, and their interaction usually results in cell activation, enhanced secretion of pro-inflammatory cytokines and chemokines, and increased microbicidal activity. In our model, the increase production of nitric oxide and IL-12 by TLR-normal macrophages was not sufficient to control fungal growth and subsequent disease severity (F. V. Loures and V. L. G. Calich, unpublished results). These receptors appear to be used by P. brasiliensis yeast cells to gain access into macrophages and to escape from other fungicidal or fungistatic mechanisms of innate immunity.
Some reports have described the importance of mannose receptors in P. brasiliensis ingestion by phagocytic cells. Phagocytosis of yeasts by adherent peritoneal macrophages of susceptible and resistant mice was inhibited by gp-43, a P. brasiliensis glycoprotein most recognized by patients antibodies, as well as by Saccharomyces cerevisiae derived a-mannan. Gp 43 was also shown to inhibit NO production and killing ability of cytokine-stimulated macrophages [46] . Immature dendritic cells of resistant mice appear to use mannose receptors to internalize P. brasiliensis yeasts [47] . In addition, comparative studies with Nramp1 gene congenic macrophages (B10R and B10S) have demonstrated that B10R cells were better inhibitors of conidia to yeast conversion and expressed more mannose receptors than B10S macrophages, whereas both cell lines expressed similar levels of complement receptor 3 (C3R) [20] . As described below, CR3 was also shown to play an important function in P. brasiliensis adherence and ingestion by phagocytic cells [23, 24] .
Polymorphonuclear leukocytes and NK cells
Differently from macrophages, murine PMN leukocytes are able to kill P. brasiliensis yeasts through the oxidative metabolism [48, 49] . In an air-pouch model of infection and compared with PMN leukocytes from susceptible mice, cells from A/J mice presented superior fungicidal ability associated with their enhanced oxidative burst [50] . The antifungal activity of murine and human PMN leukocytes was shown to be enhanced by IFN-c, GM-CSF, or IL-1b, but not by TNF-a or IL-8 [51] . In contrast, TNF-a was shown to better enhance P. brasiliensis killing by human macrophages than IFN-c [52] .
Comparing the early influx of inflammatory cells to the lungs of susceptible and resistant mice, Cano [53] demonstrated an equivalent mononuclear cell influx, but a more prominent migration of neutrophil and eosinophil PMN cells into the lung of susceptible mice. This early PMN influx was also seen early in the infection of BALB/c mice [54] . Furthermore, only in susceptible mice this early (24 h after infection) PMN influx affects disease outcome and acquired immunity further established. Interestingly, the more severe disease of PMNdepleted susceptible mice was associated with the increased presence of pulmonary IL-12 and IFN-c suggesting that the production of pro-inflammatory mediators not always leads to immunoprotection. Differently from primary infection, neutrophil depletion did not alter immunoprotection in secondary paracoccidioidomycosis. As a whole, our data showed that the genetic pattern of hosts exerts an important influence on the immunoprotective and immunoregulatory functions of neutrophils which appear to be essential in situations devoid of cellmediated immunity [55] .
The role of NK cell has not been well studied in P. brasiliensis infection, but the few available investigations in this area suggest that this lymphocyte subpopulation has a complex function in PCM that varies according to the type of host or site where these cells were obtained. In the peripheral blood of PCM patients, NK cells were found in elevated number but they displayed low cytotoxic activity [56] . In vitro studies showed a direct inhibitory effect of murine NK cells on P. brasiliensis growth [57] and in a hamster model of infection, NK cells were shown to be activated at the first weeks of infection followed by an impairment of its activity associated with depressed cell-mediated immunity [58] .
Our findings of illness exacerbation after in vivo depletion of IL-12 or IFN-c in euthymic and athymic BALB/c mice [59, 60] suggested that NK cells would have a protective role in pulmonary PCM. In vivo depletion of NK cells by anti-Asialo GM1 polyclonal antibody resulted in a more severe disease of both mouse strains, but the depletion effect was more pronounced in the NK-depleted athymic than euthymic mice. Anti-NK cell treatment led to increased antibody production by the former strain but did not modify the humoral immunity of euthymic animals, indicating that the isotype class switch in T cell deficient mice is influenced by NK cells cytokines. In addition, NK cells were shown to control PMN leukocytes influx to the lungs of infected mice. Hence, NK cells seem to have a protective effect in pulmonary PCM and their function appears to be more prominent in T-cell deficient than in T-cell sufficient mice [61, R. C. Valente-Ferreira and VLG Calich, unpublished data].
Macrophages and nitric oxide
The crucial role of the mononuclear phagocytic system in the resistance to P. brasiliensis infection was demonstrated by the fact that reticuloendothelial system blockade, induced by colloidal carbon inoculation previous to P. brasiliensis infection (i.p. route), increased the severity of the disease in both resistant and susceptible animals [62] .
The infection by P. brasiliensis occurs by inhalation of airborne propagules of the mycelial phase of the fungus, which reach the lungs, eventually evade the host defenses and disseminate via the bloodstream and/or lymphatics to virtually all parts of the body [4, 8, 10, 19] . Alveolar macrophages (AM) are believed to be important in the initial containment of the microorganisms through nonspecific or innate immune mechanisms. AM or dendritic cells (DC) also phagocytose particles and microbial organisms and carry them via lymphatics to regional hilar lymph nodes, where specific immune responses are believed to be generated.
P. brasiliensis proliferates ex vivo in a variety of mouse macrophages, including resident peritoneal alveolar and peripheral blood derived monocytes until the cells are lysed and killed by a yet unknown mechanism. However, the immunological activation of these cells efficiently inhibits fungal growth [48] . When alveolar macrophages were analyzed after pulmonary infection, absence of hydrogen peroxide production was observed with cells obtained from susceptible mice, whereas macrophages from resistant mice produced increased levels of this metabolite in the course of disease [14] . These different activities parallel the DTH anergy and the evident DTH reactivity developed by susceptible and resistant mice, respectively.
Brummer et al. [48, 63] have demonstrated that activation of mouse peritoneal macrophages by IFN-c enhances the fungicidal activity of these cells but fungal killing is independent of the respiratory burst. Further investigations showed the fundamental role of nitric oxide in the fungicidal ability of activated macrophages, which appear to use an iron-restriction mechanism to inhibit the transformation of ingested conidia to yeast cells [64, 65] . We have confirmed the fundamental role of NO in the murine PCM [64] . In the course of infection, peritoneal macrophages from resistant mice secrete low levels of NO associated with high amounts of TNF-a; the opposite was seen with glass adherent cells from susceptible mice. Interestingly, in vitro inhibition of NO production by aminoguanidine treatment of B10.A macrophages led to increased production of TNF-a indicating the inhibitory role of NO on cytokine secretion. More importantly, the disease of i.p. infected C57BL/6 mice genetically deficient for inducible nitric oxidesynthase (iNOS KO) and in resistant and susceptible mice in vivo treated with aminoguanidine and incapable of secreting NO, is more severe [66] .
The dual role of NO in murine PCM was further confirmed in the pulmonary model of infection. Compared with wild type mice, a lower fungal load was observed at week 2, although at week 10, increased number of fungi was detected in the lungs of mice genetically deficient of inducible NOsynthase (iNOS KO). The better control of fungal loads by iNOS KO mice at week 2 of infection appeared to be TNF-a mediated, since its in vivo neutralization abolished this difference [67, S. Bernardino and V. L. G. Calich, unpublished results). In agreement, Gonzales et al. [68] showed that TNF-aactivated peritoneal macrophages, although not producing NO, were able to inhibit the transition of P. brasiliensis conidia to yeast cells. Interestingly, our studies also demonstrated that iNOS KO mice, despite the more intense fungal infection by week 10 of infection, developed better organized granulomas. Thus, the increased secretion of TNF-a, the increased influx of activated T cells to the lungs, and the better organized lesions appear to compensate the genetic deficiency of NO. This was further confirmed by the equivalent survival times showed by iNOS KO and WT mice, despite the higher fungal loads in the former strain [67, S. Bernardino and V. L. G. Calich, unpublished data).
Recent studies were also performed aimed to understand the interaction between alveolar macrophages from resistant and susceptible mice and P. brasiliensis. Normal alveolar macrophages of B10.A mice, in vitro infected with P. brasiliensis yeasts, can be activated by small doses of exogenously added IFN-c, secrete high levels of IL-12, nitric oxide and display a very efficient fungal killing activity. In contrast, macrophages from A/J mice were poorly activated by low doses of IFN-c, secrete low amounts of IL-12, NO and present a poor fungicidal ability concomitant with the production of high levels of active TGF-b. The fungicidal ability of B10.A macrophages was modulated by aminoguanidine, whereas TGF-b was the main negative regulator of A/J macrophages. Thus, alveolar macrophages of susceptible mice seem to be more efficient than those of resistant mice and interaction of P. brasiliensis with these cells probably occurs through different macrophage receptors [69 A. Pina and V. L. G. Calich, unpublished observations]. These findings appear to explain the apparently discrepant result we had observed when the pulmonary model of infection was first described: at the beginning of infection higher number of viable yeast cells were recovered from lungs of resistant mice as compared with susceptible ones [14] . Furthermore, IFN-c, the most efficient macrophage activator was found in higher levels in the lung homogenates of susceptible mice [59] . Thus, the innate immunity appears to be much more efficient in the susceptible strain than in the resistant one. This hyperactivity is concomitant with high levels of NO production that is able to restrain fungal growth but also interferes with acquired immune responses leading to a subsequent immunosuppression of T-cell mediated immunity [66 [70] . During infection, DCs in the periphery are activated by interaction with microorganisms or inflammatory mediators to increase their expression of MHC and co-stimulatory molecules such as CD80, CD86, and CD40. They also modify their expression of chemokines receptors and adhesion molecules, causing migration from the periphery to the T cell zone of draining lymph nodes. Activated DC then display pathogen encoded antigens to naïve antigen-specific T cells which initiate primary T cell responses [71, 72] . In the course of maturation, DC are subject to profound changes. The endocytic capacity is downmodulated, while there is a marked up-regulation of MHC class II expression, from an already high constitutive level [72] .
As with other infectious pathologies, some studies on the importance of different antigen presenting cells (DC, macrophages, and B cells) in the resistance to P. brasiliensis infection were reported. It was shown that gp43, the immunodominant antigen for humoral immunity in PCM [73] , was mainly presented by macrophages and stimulated a preferential Th1 cytokine production in resistant mice. In contrast, in susceptible mice gp43 was predominantly presented by B lymphocytes and led to preferential secretion of Th2 cytokines. In addition, no differences in T cell reactivity of resistant and susceptible mice were detected. [74] . Another report from the same group showed that the s.c. injection of mature DC, macrophages and B cells primed naïve susceptible and resistant mice and induced T cell proliferation. In this study, however, macrophages and B cells from both mouse strains displayed equivalent stimulatory activity inducing a preferential secretion of IL-10 and IL-4; DC from resistant animals, however, when compared with B10.A DC, stimulated a higher production of IFN-c, equivalent levels of IL-12 and higher expression of MHC class II and CD80 molecules. B10.A macrophages were also shown to secrete high levels of IL-6 while IL-12 was secreted in similar levels by DC of both strains. Hence, it was suggested that DC of resistant mice preferentially drive Th1 development while B cells and macrophages from both mouse strains appeared to induce the differentiation of a Th0 or Th2 phenotype [75] . Further studies with resistant [76] and susceptible mice derived DC [77] demonstrated an equivalent behavior of gp-43 stimulated DC. Thus, gp43 treatment as well as P. brasiliensis infection down-regulated MHC class II, CD80, CD86, CD54, and CD40 expression as well as IL-12 and TNF-a secretion by LPS-treated DC. So, no major differences were reported in the activities of DC obtained from resistant and susceptible mice, unless they were previously activated by LPS. The i.v. infusion of DC previously treated with gp-43 plus LPS, but not with each of these components individually, increased pulmonary CFU counts and altered granulomas morphology of P. brasiliensis-infected mice [77] .
We have also preliminary results comparing the behavior of DC from resistant and susceptible mice. Bone marrow derived DC were obtained and activated with LPS, P. brasiliensis yeast cells or a soluble whole yeast cells antigen. DC from both mouse strains exhibited MHC class II and costimulatory molecules (CD80, CD86, CD11c, CD40) when activated by LPS or fungal yeast cells although A/J DC presented higher CD11c and CD86 expression. Compared with A/J cells, B10.A DC secreted higher levels of IL-12, IL-10, and NO, whereas the former are more able to produce active TGF-b. DC of susceptible mice induced a high proliferative activity of A/J T cells but not of B10.A lymphocytes while A/J DC stimulated T cell proliferation of both mouse strains. Thus, T cell anergy was only detected when B10.A DC were co-cultivated with homologous lymphocytes indicating that B10.A DC does not lack the ability to properly present P. brasiliensis antigens and that B10.A lymphocytes are appropriately activated when P. brasiliensis antigens were presented by A/J DCs (A. Pina and V. L. G. Calich, unpublished results).
Cytokines
As a more detailed review on the role of cytokines in PCM was reported elsewhere [10, 13] , only a brief analysis of those studies will be presented here. IFN-c is the most important protective cytokine to susceptible, intermediate, and resistant mice to P. brasiliensis infection [59, 78] . TNF-a and IL-12 are also very important protective cytokines [60, 78, 79] . IL-4 has a dual role (protective or disease promoting) in pulmonary PCM depending on the genetic pattern of the host [80, 81] . Despite the less severe disease induced by administration of rIL-12 [79] , the strong inflammatory reaction in the lungs demonstrated the harmful effect of this cytokine. IL-10 appears to be one important macrophage-deactivating cytokine in pulmonary PCM, and its genetic absence appears to result in the aseptic cure of infected mice (Fig. 3) (T. A. Costa and V. L. G. Calich, unpublished results). Altogether, studies with cytokine-deficient mice showed that the Th1/Th2 paradigm can be applied to explain fungal growth (or dissemination) in liver and spleen: IL-4 and IL-10 are disease-promoting cytokines while IL-12 and IFN-c are protective ones. However, the control of fungal growth in the lungs is more complex and both, Th1 (e.g., IL-12) and Th2 cytokines (e.g., IL-4) can have antagonistic effects. IL-10 is a disease-promoting cytokine and appears to have a more prominent role in the control of pulmonary PCM than IL-4.
Summarizing, our studies on innate immunity to P. brasiliensis infection suggest that a highly efficient innate immunity can lead to severe paracoccidioidomycosis. The following findings appear to support such inference: at the onset of infection, susceptible mice display a better control of lung fungal loads; IL-4 protects susceptible mice from severe infection; exogenous IL-12 leads to increased lung pathology; TLR usage leads to increased macrophage activation associated with increased fungal loads; susceptible mice secrete higher levels of LT and its inhibition results in milder pathology; PMN depletion causes more severe PCM associated with increased secretion of pro-inflammatory cytokines; early NO secretion can induce more severe infection. As a whole, it appears that ''the more reactive the host innate immunity the more severe is the initial P. brasiliensis infection.''
The influence of innate immunity in the resistance to P. brasiliensis infection Protective immunity in paracoccidioidomycosis (PCM) is believed to be mainly mediated by cellular immunity [82] . In the human disease the Th1/Th2 dichotomy of CD4
+ T cells appears to partially explain the behavior of PCM patients and healthy infected individuals. So, the most evident Th1 immunity is observed when lymphocytes from healthy infected subjects or cured patients are in vitro activated by gp 43 and a clear production of IL-2 and IFN-c is concomitant with a vigorous lymphoproliferative response [83, 84] . The acute form of the disease appears to be the Th2 pole of reactivity, where IL-4, IL-5, and IL-10 are produced and associated with low T cell proliferation which, however, can be reverted by in vitro treatment with rIL-12 and anti-IL-10 antibodies [85] . The severe form of the chronic disease also appears to present a Th2 pattern of reactivity. Most individuals of the chronic form of PCM, however, do not display polarized Th1/Th2 immune responses and their hyporesponsiveness appears to be not linked to imbalanced cytokine synthesis and may be due to other immunoregulatory mechanisms such as T cell anergy, T cell deletion by apoptosis or suppressive activity of natural regulatory T cells [10, [86] [87] [88] . Indeed, a recent paper showed a direct correlation between the number of natural regulatory T cells in the lesions and peripheral blood and the severity of PCM [88] . In human PCM the function of CD8 + T cells, however, was poorly investigated.
We have some studies that characterized the function of CD4 + and CD8 + ( T cells in the immunity developed by susceptible (B10.A), intermediate (C57Bl/6) and resistant (A/J) mice after pulmonary infection with P. brasiliensis yeasts. In susceptible mice, anti-CD4 treatment did not alter disease severity and cellular immunity. However, anti-CD8 treatment led to increased fungal loads and DTH reactivity indicating the antagonistic effects of CD8a + cells. In resistant mice, besides a protective type 1 immunity mediated by CD8a + T cells, neutralization studies revealed the concomitant presence of Th1 and Th2 cells. In addition, deficiency of whole T and CD8a + T cells but not of CD4 + T or B cells in the C57Bl/6 background led to more severe PCM and increased mortality rates. In conclusion, our studies demonstrated that in pulmonary PCM: (a) fungal loads are mainly controlled by CD8a + T cells; (b) genetic susceptibility of hosts appears to be associated with deletion or anergy of CD4 + T cells, and finally, (c) a balanced type1/type2 immunity is associated with genetic resistance to P. brasiliensis infection [10] .
The concomitant analysis of innate and adaptative immunity in murine PCM lead us to propose a model on the immunopathogenesis of pulmonary paracoccidioidomycosis. Alveolar macrophages of susceptible mice are very reactive to P. brasiliensis components and pro-inflammatory mediators are secreted by cells involved in the innate immunity of lungs. The high production of IL-12 stimulates NK cells to secrete elevated amounts of IFN-c that induces the secretion of high levels of nitric oxide and other pro-inflammatory mediators by macrophages which develop a very efficient fungicidal ability. Leukotrienes and the TLR expression appear to activate macrophages and to contribute with P. brasiliensis endocytosis. Anti-inflammatory cytokines such as IL-10 and/or TGF-b are secreted in low levels. Although not extensively studied, equivalent activities were found with B10.A dendritic cells. This behavior results in a very effective innate immunity and precocious control of fungal growth and would result in preferential activation of Th1 CD4 + cells. The excessive and continuous production of NO, however, inhibits the initial development of CD4 + T-cell-immunity by active induction of T cell anergy or deletion. The elevated expression of co-stimulatory molecules (MHC class I, CD40, CD80, for example) by macrophages or DC could directly activate CD8 + T cells without the help of CD4 + T lymphocytes [89, 90] . This pattern of immunity could explain the very efficient mechanism of innate immunity resulting, however, in poor T-cell mediated immunity (Fig. 4) . It would also explain the DTH anergy, the non-organized lesions, the high levels of antibodies, and the progressive and severe disease developed by susceptible mice.
Alveolar macrophages and DC from resistant mice respond to P. brasiliensis infection by secreting low amounts of IL-12, but high levels of TGF-b and TNFa. This results in poor NK cell activation, IFN-c production, NO secretion, and initial inefficient fungal killing. This activity characterizes the low efficient natural immunity of resistant mice. However, the production of cytokines and NO in low levels do not impair T-cell immunity. So, resistant animals slowly develop P. brasiliensis specific CD4 + and CD8 + T lymphocytes, which control fungal growth and organize lesion morphology (Fig. 5) . This model does not exclude the previously proposed Th1/Th2 model of P. brasiliensis control. It tries, however, to put together many results obtained with studies on innate and adaptative immunity in the murine model of pulmonary infection, which eventually may contribute to enhance our knowledge on the immunopathogenesis of human paracoccidioidomycosis. 
